Glyphosate residues from applications or exuded by roots of treated crops and by senescing weeds could be absorbed by new crops. The aim of this work was to study the effect of glyphosate in soil on the growth of Lotus corniculatus and its interaction with phosphorus. A completely randomized 3 x 4 factorial design was used for the experiment, with 3 levels of phosphorus (0, 100, and 200 ppm) and 4 of glyphosate (0; 0.5; 1.0, and 2.0 times the recommended dosage, 4 L. ha -1 ), amended to soil. Glyphosate residues decreased growth parameters, chlorophyll and protein contents, and membrane stability. Glyphosate effect was increased by the greater availability of phosphorus, so there was a significant interaction between glyphosate and phosphorus. The findings of this study provide evidence of the detrimental effect of glyphosate present in soil as well as its remobilization through the presence of additional phosphorus in soil.
found that, in cotton plants, the fresh weights of root and aerial parts were reduced at non-lethal glyphosate concentrations. Under the same conditions, glyphosate inhibited the development of lateral roots, which appeared shorter and were surrounded by a thick layer of necrotic cells at their apices. Torres et al. (2003) also observed a reduction in the growth and length of lateral roots in soybean plants. The same effect was observed in pepper plants (Ronco et al., 2008) .
Phosphorus fertilization improves the implantation and competitive ability of legumes. L. corniculatus has been shown to respond better to lower doses of phosphorus than other legume species, such as Trifolium pratense (Ayala Torales et al., 1992a : Ayala Torales et al., 1992b .
The glyphosate molecule, due to the methylphosphonic group it contains, can compete with inorganic phosphates for soil adsorption sites, giving rise to a glyphosate-phosphorus interaction in soils (McBride & Kung, 1989; Dion et al., 2001; Gimsing & Boggaard, 2001 , 2004 , Bott et al., 2011 .
The glyphosate -phosphorus interaction is affected by different factors related to phosphorus and the glyphosate molecule. Several works describe the factors influencing glyphosate adsorption by soils or clays: pH (Nomura & Hilton, 1977) , cation exchange capacity (CEC); clay type and content (Glass, 1987) ; the presence of iron and aluminum amorphous oxides and organic matter (Morillo et al., 2000 , Bott et al., 2011 and that of iron and aluminum oxides (Prata et al., 2000; Gerritse et al., 1996) . Phosphorus adsorption capacity also depends on physical and chemical soil features such as regulatory phosphorus capacity (Beckett and White, 1964) ; clay content (Fox & Kamprath, 1970) , pH (Parfitt, 1977; Holford & Patrick, 1979) and organic matter (Bolaño et al., 1984) .
De Jonge et al. (2001) demonstrated that different levels of phosphate ions in soils affected glyphosate adsorption, such that glyphosate adsorption is reduced in soils with higher phosphate content, thus enhancing herbicide mobility and affecting crop growth.
However limited and contradictory information has been published regarding the effects of glyphosate-phosphorus interaction in soil, on forage plant growth. The aim of this work was to study the effect of glyphosate in soil on the growth of Lotus corniculatus and its interaction with phosphorus.
Materials and Methods

Growth Conditions
The experiment was conducted in natural light and temperature conditions in La Plata, Argentina (34° 54'S, 57° 55'W).
L. corniculatus seeds were sown in 3 L plastic pots at a depth of 1 cm. The substrate used in this study was a vertic argiudoll soil (pH 5.5; EC e, 6.1 dS/m; total P 12 mg.kg -1 ; organic matter 3.5%; total C 2.0 %; total N 0.24 %, clay 27 % and CEC 32 meq.100 g -1 ).
Before sowing, glyphosate (RoundUp™; 360 g isopropylamine salt of glyphosate L-1) was added to the substrate to reach concentrations of 0 (G0); 0.5 (G1 = 3.15 μM); 1.0_ (G2 = 6.32 μM) and 2.0 (G3 = 12.64 μM) times the recommended dosage to be applied in fields (equivalent to 4 L of commercial product containing 36% a.i. ha -1 ). The necessary amount of herbicide was mixed with talc as an inert substrate, dried at room temperature, then macerated and added to the previously determined volume of soil. In additions, PO 4 H 2 K was added to the substrate to reach concentrations of 12ppm (P0): P content in soil, 100 ppm (P1) and 200 ppm (P2).
The plants were watered in order to avoid leaching and so as to maintain the soil water potential at field capacity (ψ=-0.03MPa). The treatments were: (a) control, plants without the incorporation of phosphorus nor of glyphosate (P0G0); (b) no phosphorus and 3.15 μM glyphosate (P0G1); (c) no phosphorus and 6.32 μM glyphosate (P0G2); (d) no phosphorus and 12.64 μM glyphosate (P0G3); (e) 100 ppm P and no glyphosate (P1G0); (f) 100 ppm P and 3.15 μM glyphosate (P1G1); (g) 100 ppm P and 6.32 μM glyphosate (P1G2); (h) 100 ppm P and 12.64 μM glyphosate (P1G3); (i)200 ppm P and no glyphosate (P2G0); (j) 200 ppm P and 3.15 μM glyphosate (P2G1); (k) 200 ppm P and 6.32 μM glyphosate (P2G2); (l) 200 ppm P and 12.64 μM glyphosate (P2G3).
Parameters Measured
Ten plants were harvested per treatment at three times during the experimental period 110, 140 and 170 days after sowing (DAS) and growth parameters were determined.
Growth Parameters
At harvest, the following were measured: plant height; leaf area per plant (using a model Li-3000 leaf area meter; LICOR, Lincoln, NE, USA); root and aerial dry weights (RDW and ADW, respectively), obtained by drying the plant matter in an oven at 80ºC until their weight became constant); and the length of regrowth stems.
Chlorophyll and Protein Contents of Leaves
At the end of experimental period, chlorophyll content was determined on one leaf disc (1 cm diameter) per plant, using Morn and Porath's (1980) methodology. At the same time, protein content was determined using five leaf discs (1 cm diameter) per plant according to Bradford's (1976) At the end of the experimental period, CMS was determined in 500 mg of leaves and roots per treatment. The leaves and roots were washed with deionized water, and were incubated in deionized water at room temperature, according to Sullivan and Ross's (1979) methodology, and the conductivity was determined using a DIGICOND IV Conductimeter (Luftman Co., Argentina). CMS was determined using the following equation:
C and T refer to the conductivity of the control and treated samples, respectively. C1 and T1 represent the electrolyte leakage (dS m -1 ) after incubating the sample at 25 °C for 4 hours, and C2 and T2 represent the total electrolyte concentration measured after heating the sample in boiling water for 60 minutes and cooling it to room temperature.
Statistical Analysis
The experiment followed a randomized factorial 3 x 4 design, with three phosphorus levels (P0, P1, and P2) and four glyphosate levels (G0, G1, G2, and G3). All data were analyzed using Analysis of Variance (ANOVA). Tukey's test (P < 0.05) was used to evaluate differences between treatments and means of interaction, using SigmaStat 3.5 software (Systat Software, Inc., San Jose, CA, USA). The replicates number was 10.
Results
Growth Parameters
At 110 days after sowing, plants grown with glyphosate showed lower growth parameters than control plants. Moreover, phosphorus treatments increased growth parameters, and glyphosate x phosphorus interaction was positive (Table 1 ). The same trend was observed 140 and 170 days after sowing (Table 2 and Table 3 , respectively). Table 1 . Effect of phosphorus and glyphosate addition to soil, on root and aerial dry weight (RDW and ADW), leaf area (LA) and plant height (PH) on Lotus corniculatus plants, 110 days after sowing
6.7 c 6.7 c 5. *P0G0, without incorporation of phosphorus and glyphosate; P0G1, without P + 3.15 μM glyphosate; P0G2, without P + 6.32 μM glyphosate; P0G3, without P + 12.64 μM glyphosate; P1G0, 100 ppm P without glyphosate: P1G1, 100 ppm P + 3.15 μM glyphosate; P1G2, 100 ppm P + 6.32 μM glyphosate; P1G3, 100 ppm P + 12.64 μM glyphosate; P2G0, 200 ppm P without glyphosate; P2G1, 200 ppm P + 3.15 μM glyphosate; P2G2, 200 ppm P + 6.32 μM glyphosate; P2G3, 200 ppm P + 12.64 μM glyphosate. Mean values followed by the same lower-case letter within each column are not significantly different (P > 0.05). ns, *, **: non-significant, or significant at P ≤ 0.05 or 0.01, respectively.
The treatments with the highest glyphosate levels, P0G2 and P0G3, reduced root growth (RDW) significantly-by 18% and 28%, respectively-compared with the control. Conversely, phosphorus treatments enhanced RDW significantly compared with the control, to the order of 7% for P1G0 and 22% for P2G0. The glyphosate-phosphorus interaction was significant and RDW was reduced as phosphorus levels increased, to the order of 17% P1G3 and 23% for P2G3, compared with P0G3 (Table 1) .
The ADW was reduced by glyphosate and enhanced by phosphorus. The treatments with the highest glyphosate levels, P0G2 and P0G3, reduced ADW significantly compared with the control, to the order of 25% and 30%, respectively. There were no differences for P0G1. Phosphorus treatments significantly increased the ADW: by 42% for P1G0 and 52 % for P2G0. The glyphosate-phosphorus interaction for ADW was significant. The increase in phosphorus levels caused a significant reduction in ADW, through the increase of glyphosate desorption levels, comparing P1 and P2 with P0 phosphorus levels ( Table 1) .
Leaf area was affected negatively by glyphosate but positively by phosphorus. All glyphosate treatments reduced leaf area significantly compared with the control. In this regard, there were no differences between P0G2 and P0G3. With respect to phosphorus treatments, P1 and P2 showed an enhanced leaf area, to the order of 29%, and 61%, respectively, compared with the control. The glyphosate-phosphorus interaction was significant. The reduction in leaf area was greater at P1 and P2 levels, compared with P0, by the glyphosate increased from G1 to G2 (Table 1 ).
All glyphosate treatments had a significant effect on plant height, which was reduced by 12% for P0G1, 20% for P0G2, and 32% for P0G3, compared with the control treatment. Meanwhile, phosphorus treatments P1G0 and P2G0 enhanced plant height significantly compared with the control. The glyphosate-phosphorus interaction was also significant, and increased phosphorus levels led to plant height being more affected by glyphosate, mainly at the P2G3 level (Table 1) . Similar results were obtained at 140 and 170 days after sowing (Table 2 and  Table 3 , respectively). Significance P G PxG ** ** * ** ** * ** ** ** ** * ** *P0G0, without incorporation of phosphorus and glyphosate; P0G1, without P + 3.15 μM glyphosate; P0G2, without P + 6.32 μM glyphosate; P0G3, without P + 12.64 μM glyphosate; P1G0, 100 ppm P without glyphosate: P1G1, 100 ppm P + 3.15 μM glyphosate; P1G2, 100 ppm P + 6.32 μM glyphosate; P1G3, 100 ppm P + 12.64 μM glyphosate; P2G0, 200 ppm P without glyphosate; P2G1, 200 ppm P + 3.15 μM glyphosate; P2G2, 200 ppm P + 6.32 μM glyphosate; P2G3, 200 ppm P + 12.64 μM glyphosate. Mean values followed by the same lower-case letter within each column are not significantly different (P > 0.05). ns, *, **: non-significant, or significant at P ≤ 0.05 or 0.01, respectively. *P0G0, without incorporation of phosphorus and glyphosate; P0G1, without P + 3.15 μM glyphosate; P0G2, without P + 6.32 μM glyphosate; P0G3, without P + 12.64 μM glyphosate; P1G0, 100 ppm P without glyphosate: P1G1, 100 ppm P + 3.15 μM glyphosate; P1G2, 100 ppm P + 6.32 μM glyphosate; P1G3, 100 ppm P + 12.64 μM glyphosate; P2G0, 200 ppm P without glyphosate; P2G1, 200 ppm P + 3.15 μM glyphosate; P2G2, 200 ppm P + 6.32 μM glyphosate; P2G3, 200 ppm P + 12.64 μM glyphosate. Mean values followed by the same lower-case letter within each column are not significantly different (P > 0.05). ns, *, **: non-significant, or significant at P ≤ 0.05 or 0.01, respectively.
Branch numbers were enhanced significantly by the higher phosphorus levels (P2G0) and unaffected by glyphosate treatments. Meanwhile, the length of regrowth stems was reduced significantly by the higher glyphosate level (P0G3) and unaffected by phosphorus treatments. Glyphosate-phosphorus interaction was not significant (data not shown).
Chlorophyll and Protein Contents of Leaves
Chlorophyll content was significantly reduced by glyphosate. P0G1 reduced chlorophyll content by 12%, P0G2 by 53%, and P0G3 by 77% compared with the control. Plants with phosphorus treatments showed an increase in chlorophyll content, to an order of 41% for P1G0 and 94% for P2G0 compared with the control. Glyphosate-phosphorus interaction was significant (Table 4 ).
The protein content of leaves was not modified by different treatments and there was no interaction between them (Table 4) .
Cell Membrane Stability
Glyphosate affected CMS at higher levels. P0G2 reduced CMS by about 20% and P0G3 by about 90%, but there were no differences for P0G1 compared with the control. The percentage of CMS was not modified by phosphorus treatments, and there was no interaction between glyphosate and phosphorus (Table 4) . Ns *P0G0, without incorporation of phosphorus and glyphosate; P0G1, without P + 3.15 μM glyphosate; P0G2, without P + 6.32 μM glyphosate; P0G3, without P + 12.64 μM glyphosate; P1G0, 100 ppm P without glyphosate: P1G1, 100 ppm P + 3.15 μM glyphosate; P1G2, 100 ppm P + 6.32 μM glyphosate; P1G3, 100 ppm P + 12.64 μM glyphosate; P2G0, 200 ppm P without glyphosate; P2G1, 200 ppm P + 3.15 μM glyphosate; P2G2, 200 ppm P + 6.32 μM glyphosate; P2G3, 200 ppm P + 12.64 μM glyphosate. Mean values followed by the same lower-case letter within each column are not significantly different (P > 0.05). ns, *, **: non-significant, or significant at P ≤ 0.05 or 0.01, respectively.
Discussion
Our findings provide evidence of the detrimental effect of glyphosate present in soil on the growth parameters of L. corniculatus, and show the existence of an interaction between glyphosate and soil phosphorus.
The mechanism by which glyphosate reduces the growth of plants is still unclear and does not appear to be the same in all cases (Fuchs et al., 2002) . The effects of glyphosate on the EPSPS enzyme are known, but this inhibition affects other biochemical and physiological processes (Baylis, 2000) , with differences among species such as Convolvulus arvensis (DeGennaro and Weller, 1984) , Zea mays L. (Forlani & Racchi, 1995) , Lolium rigidum Gaudin (Lorraine-Colwill et al., 2001) , and Capsicum anuum (Ronco et al., 2008) .
In this study, glyphosate added to the soil affected both aerial and root growth, and both biochemical and physiological parameters. These results demonstrate glyphosate root uptake by L. corniculatus, in accordance with Rodrigues et al. (1982) , who observed that glyphosate applied to wheat plants was absorbed by the roots of neighboring soybean plants through root contact, causing a reduction in the fresh weight and height of non-treated soybean plants. Moreover, Kaps and Kuhns (1987) observed that glyphosate molecules were transferred from Pinus ssp. to weeds by mycorrhizal hyphae.
When glyphosate is applied to leaves, it is transported throughout the plant by the phloem, affecting different metabolic pathways (Baylis, 2000) . When added to the soil, it is absorbed by the roots and transported by xylem, as has been shown in the tomato (Cornish, 1992) , soybean (Mujica et al., 1999) , and pepper (Ronco et al., 2008) .
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Journal of Agricultural Science Vol. 4, No. 7; The primary detrimental effects of glyphosate on L. corniculatus appear to be localized at root level, as is the case with other species. The effects of glyphosate include root growth reduction, the inhibition of lateral root development, and an increase in necrotic root cells, which could reduce water and nutrient absorption significantly and cause damage by desiccation, as was observed by Pline et al. (2002) in cotton plants and by Ronco et al (2008) in pepper plants. They also observed reductions in RDW and lateral root elongation in plants subjected to glyphosate concentrations of 0.01 mM (or greater). Meanwhile, the connections between lateral roots and the main root in soybean and in pepper plants grown without glyphosate were intact and functional (Torres et al., 2003; Ronco et al., 2008) .
Several factors may bring about the reduction in aerial growth in L. corniculatus plants subjected to different levels of phosphorus and glyphosate in this study. As expressed above, there is a reduction in the plant's water absorption capacity due to root damage by glyphosate. The incorporation of the herbicide into the xylem flow and its transportation to aerial parts of the plant affect aerial growth, as was observed in soybean plants by Mujica et al. (1999) . On the other hand, the growth parameter results-such as ADW and leaf area-observed in L. corniculatus plants treated with high levels of phosphorus would allow to infer soil glyphosate desorption due to competition from phosphate ions. This is in agreement with the findings of Ronco et al. (2008) for pepper plants and Cornish (1992) for tomato plants grown with high levels of phosphorus in the soil.
The effect of phosphorus on plant height and the length of regrowth in L. corniculatus is in keeping with the findings of other authors. Although it is well known that phosphorus fertilization improves the competitive ability of legumes, Lotus spp. has demonstrated a greater response to lower doses than other legume species (Castaño & Miñon, 1990; Mazzanti et al., 1988; Cahuepé et al., 1982) . With regard to phosphorus fertilization in soils analogous to that of this experiment, L. corniculatus showed a greater increase in dry matter than Trifolium pratense to low rates of phosphorus, (Ayala Torales et al., 1992) . Glyphosate also appears to have detrimental effects on other variables such as chlorophyll content and cell membrane damage. The reduction in chlorophyll content in L. corniculatus as a result of the application of glyphosate and high levels of phosphorus is in accordance with the results of Ronco et al. (2008) for pepper plants, who observed lower chlorophyll content in plants grown at high phosphorus levels and with mean glyphosate doses.
In terms of cell membrane damage, there is insufficient information about the effects of glyphosate on this. Plant cell membranes are sensitive to environmental stress (Steponkus, 1984) , which increases cell membrane permeability, their disorganization, electrolyte leakage, leading to a reduction in the photosynthetic capacity of plant tissues (Campos et al., 2003; Beltrano & Ronco, 2008; Dubey, 1997) . Cell damage can be estimated by comparing the conductivity in water of the solutes leaked from injured and uninjured tissues (Mattsson, 1996; McNabb & Takahashi, 2000; Beltrano & Ronco, 2008) . The membrane damage by glyphosate observed in L. corniculatus appears similar to other abiotic stress effects and may constitute another deleterious mechanism of glyphosate.
The results of glyphosate-phosphorus interaction could be attributed to the physical and chemical features of the soil used in this experiment. The relationship between glyphosate adsorption and the soil's phosphorus adsorption capacity is clear in the literature (Hance, 1976; Glass, 1987; Miles & Moye, 1988; Gerritse et al., 1996; Bott et al., 2011) and is probably related to specific phosphorus adsorption mechanisms in the soil, namely the covalent bonds between oxygen from a phosphate and metal from an oxide. Thus, the methylphosphonic group of glyphosate may compete with inorganic phosphates for soil adsorption sites. Prata et al. (2000) report that glyphosate adsorption in three different soils was influenced by the levels of phosphorus in the soil. The amount of glyphosate adsorbed was substantially reduced at phosphorus levels starting from 770 ppm. This reduction in glyphosate adsorption, however, would have no practical importance since these phosphorus levels would never be reached under field conditions in agricultural soils. This suggests that under these conditions, the competition between glyphosate and phosphorus for covalent binding sites in the soil must not occur (Prata et al., 2000) .In this study the lower glyphosate adsorption seems to take place at lower phosphorus levels in the soil, to an order of 100 ppm. These differences could be attributed to the fact that the relationship between glyphosate adsorption and the levels of phosphorus in the soil is also influenced by other factors. Several works describe how glyphosate adsorption by soils or clays depends on pH (Nomura and Hilton, 1977) ; cation exchange capacity (CEC); the presence of iron and aluminum amorphous oxides and organic matter (Morillo et al., 2000; Bott et al., 2011) ; and that of iron and aluminum oxides (Gerritse et al., 1996; Prata et al., 2000) .
www.ccsenet.org/jas Journal of Agricultural Science Vol. 4, No. 7; However, there is no agreement about the most important factors controlling glyphosate adsorption and the competitive adsorption between glyphosate and phosphorus in soil. It was also observed that the amount of glyphosate adsorbed by soils decreased when pH was increased from 4 to 7 (Cruz et al., 2007) . This could be attributed to the fact that an increase in the negative charge of the soil surface could weaken the interaction between this and glyphosate (McConnell & Hossner, 1985) .
The studies of competitive adsorption between phosphate ion and glyphosate in clay minerals and soils have shown that glyphosate can be displaced by phosphate (McBride & Kung, 1989; Dion et al., 2001; Gimsing & Boggaard, 2001; Bott et al., 2011) . The displacement of glyphosate by phosphate can occur easily in some minerals such as amorphous iron oxide and goethite (McBride & Kung, 1989; Gimsing & Boggaard, 2001 ), but is affected by different factors in clays and agricultural soils (Dion et al., 2001 ).
Several authors studying the effect of pH and clay types on the adsorption of glyphosate by soils agreed that an increase in pH decreased glyphosate adsorption, which was related to soil surface areas, in that montmorillonite has lower glyphosate adsorption levels than bentonite and kaolinite (Cruz et al., 2007) .
The features of the soil used in this experiment-a vertic argiudoll with a pH of 5.5, coupled with the presence of clays such as montmorillonite (27%), and a high CEC (to the order of 32 meq.100 g -1
)-could result in lower glyphosate adsorption in comparison to more acidic or alkaline soils where this type of clay is present, as was observed by Cruz et al. (2007) . Thus, soil features could cause relatively low glyphosate retention capacity, leading to high herbicide content in the soil solution and a greater deleterious effect on the growth of L. corniculatus plants, as observed in this study.
Phosphorus adsorption depends on the physical and chemical features of the soil. The regulatory phosphorus capacity of soil, defined by Beckett and White (1964) , is related to; clay content (Fox & Kamprath, 1970) ; pH (Parfitt, 1977; Holford & Patrick, 1979) ; and organic matter (Bolaño et al., 1984) . A low regulatory phosphorus capacity implies that the soil has a weak capacity for retaining available phosphorus, be it natural or added as fertilizer, and phosphorus reserves within it are rapidly depleted.
As the experimental soil had a medium to high regulatory phosphorus capacity value, 33.52 mg P Kg -1 soil (Bolaño et al., 1984) , increased phosphorus adsorption by the soil would displace glyphosate binding sites, leading to greater glyphosate desorption and a greater availability of herbicide for root uptake. This effect could be due to the increased capacity of the organic fraction of soil as phosphorus adsorption site and the secondary role of this fraction for glyphosate adsorption (Prata et al., 2000) , besides low presence of iron and aluminum amorphous oxides in the experimental soil, that have greater affinity for adsorption of glyphosate (Rajan, 1973) .
With regard to secondary experimental evidence, the findings of this study show that the deleterious effects of glyphosate were maintained throughout the entire experiment (170 days), and confirm that the degradation of glyphosate by light and microorganism not seem to be significant, in agreement with Nomura and Hilton (1977) , who observed that the half-life of glyphosate varied from several months to years.
Conclusion
In conclusion, in accordance with Bott et al. (2011) and da Cruz et. al. (2007) , the results of this study suggest that in cropping systems with limited soil disturbance, as no-till agriculture, the remobilization of glyphosate residues in soils through the addition of phosphate fertilizers, should be considered a serious problem for succedaneous crops and non target plant.
